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ABSTRACT
Tropical cyclones (TCs) are among the most devastating of natural disasters,
producing high winds, heavy rainfall, and floods. When TC remnants are considered,
these events have impacts nearly nationwide across the U.S. Tropical cyclone activity in
the North Atlantic Basin experiences great variability on intra-annual, interannual, and
interdecadal timescales. That variability is often associated with El Niño Southern
Oscillation (ENSO) and Atlantic Multidecadal Oscillation (AMO).
George Cry (1967), in his pioneering study of tropical cyclone-induced rainfall
found that TC rainfall presents an intraseasonal pattern over the eastern Unite States,
contributing up to 40% of the monthly rainfall. This study replicates much of what was
done by Cry (1967) using a denser raingage network and more sophisticated techniques
for analysis. Rainfall data for this study comes from 717 stations from the Historical
Climate Network covering 31 states to capture the TC contribution in the monthly and
seasonal precipitation in the Eastern United States.
An approach was used to separate TC rainfall from non-tropical rainfall from
1960-2007. Results showed that September has the highest TC rainfall contribution.
Coastal regions of North Carolina, Virginia, and Alabama receive more than 30% of
monthly rainfall totals from TCs. Comparisons between 1931-1960 and 1960-2007 shows
that the storm track density shifted slightly eastward.
TC rainfall, during the period 1960-2007, presented great interannual variability in the
frequency, intensity, and duration of the storms (number of storm days). ENSO and AMO
phases were found to play different roles in relation to TC rainfall contribution in the U.S.
ENSO has a significant signal in relation to the number of storms, but did not have a
statistically significant signal in the total of TC rainfall in the eastern U.S. AMO showed
ix

a positive correlation with individual stations in the Gulf Coast and in Maine. In addition,
ENSO phases are correlated with TC rainfall in Texas.

x

I INTRODUCTION
Tropical Cyclones (TC) are one of the most powerful features in nature and
can produce catastrophic social, economic and ecological impacts. This fact, combined
with the United States coastline becoming increasingly more susceptible to TC damages,
has led to catastrophic losses in the U.S. (Blake, et al., 2007). The susceptibly is due to
increasing population in the last four decades, beach erosion, and coastal subsidence
(Blake, Rappaport and Landsea 2007). TCs can produce rain from a light drizzle to an
extreme flood in a short period, and in a single location could represent up to 50% to
100% of mean annual precipitation in only a few days (Glenson 2006, Simpson and Riehl
1981). Rainfall produced by tropical storms can extend for hundreds of kilometers from
their centers causing property damage, flooding, and mudslides in some regions, but the
same rain can be beneficial to regions experiencing drought (Larson, Zhou and Higgins
2005). TC intensity is not the principal element affecting of the amount of rainfall, storms
with a slow forward velocity have a tendency to produce large quantities of rainfall at a
given location as well (Emanuel 2005).
Tropical cyclone activity in the North Atlantic Basin experiences great
variability on intra-annual, the interannual (El Nino-Southern Oscillation), and the
interdecadal (Atlantic Sea Surface Temperature - SST) timescales (Keim and Robbins
2006, Landsea, et al. 1999, Gray 2006). TC seasonality is associated with the annual
cycle of SST, with peak in late summer and early fall. Some active years with 15 or more
named tropical storms include -2005 (27), 2003(16), 2001(15), 1995(19), and 1969 (17).
However, there are also relatively inactive years with eight storms or less – 1997, 1994,
etc. Many studies have identified an empirical relationship between SST and TC activity
where warmer SSTs enhance development of TC (Shapiro and Goldenberg, 1998, and
1

Molinari and Mestas-Nuñez, 2003). Other studies investigated potential effects of longterm global warming on Atlantic SST and its correlation with the number and strength of
TC. However, Goldenberg et al. (2001) pointed out that those studies were inconclusive
and explained that the multidecadal-scale variability of TC is greater than the possible
small increase in SST caused by global warming. Landsea et al. (1999) point out that the
discrepancy between interannual and interdecadal TC activity with the SST in the North
Atlantic Basin may be explained by the interactions of the SSTs with other environmental
controls such as El Niño-Southern Oscillation (ENSO). For example, El Niño reduces
TC activity through anomalous increase in upper tropospheric westerly winds over the
Caribbean basin and the equatorial Atlantic (Gray, 1984). Another important component
potentially related to hurricane activity is climate change.
Global warming is among the most controversial scientific topics today. The
concentration of greenhouse gases such as carbon dioxide (CO2), methane, and others,
have increased over the past century due the anthropogenic sources. Many studies argue
that higher levels of greenhouse gases have increased the number of extreme weather
events and have changed earth’s climate (Emanuel, 2005). Global Circulation Models
(GCMs), working with a doubling of CO2 over the next 50 years, forecast an increase in
the global sea surface temperature (SST) (Anthes et al., 2006). The models show a 20%
increase in precipitation because of warmer sea surface temperature (SST), perhaps
related to tropical activity (Knutson et al., 2001). However, some scientists are
unconvinced that all recent climate change has resulted from anthropogenic effects. They
even suggest that the observed climate change might be the result of natural causes
(Landsea et al., 1999, Pielke et al., 2005, Grey, 2006). TCs play an important role in the
U.S. climate. Keim (1999) noted that most of the 25 greatest storms recorded in the
2

southern U.S. were related with TC. In addition, Karl et al. (2005) confirmed that TCs
show a great contribution in the annual precipitation in southeast costal zone.
Henderson-Sellers et al. (1998) highlighted a lack of understanding of the
processes accountable for developing TCs, in addition to inconsistent GCM results. They
suggest two approaches to forecasting TC frequency in a world greenhouse-induced.
These approaches include predicting how environmental capacity sustaining TCs may
change, and predicting how frequency and strength of initiating disturbance may change.
Impacts of global warming in TC activity is not the purpose of this research.
However, these empirical any possible change in intensity or/and frequency of TCs will
affect the TC rainfall contribution over the Unite States.
The focus of this research is the investigation of overall TC rainfall seasonal
contribution in the United States.
Specific objectives are:
•
•
•

Investigate the overall TC rainfall monthly and seasonal contribution in the U.S.,
comparing results with previous studies.
Investigate possible relationships between TC rainfall and climate indices such as
ENSO and AMO.
Assess impacts of ENSO and AMO with the number of TCs days in two periods
(1931-1960, 1961-2007), the geographical variability of major storms, and TC
rainfall trends during 1960-2007 and its correlation with ENSO and AMO.
The second objective of the research was to investigate the relationship

between tropical cyclone rainfall volume and the El Niño Southern Oscillation and the
Atlantic Multidecadal Oscillation. This objective was aimed at providing important
information regarding how those climate phenomenon are correlated with the distribution
of tropical cyclone rainfall over the eastern UNITED STATES from 1960-2007.
Precipitation trends were analyzed using records from 717 Historical Climate Network
stations.
3

The body of this dissertation consists of three sections (Chapters II to IV),
each of which represents a paper in preparation for submission to international scientific
journals. As such, each section contains its own introduction, methods, results, and
conclusions. A complete list of references is included at the end of this dissertation.
Chapter II focuses on the spatial distribution of tropical cyclone rainfall over the Eastern
United States during hurricane season (June-November) from 1960-2007. Chapter III and
Chapter IV addresses tropical cyclone rainfall, and its correlations with major climate
teleconnections. Chapter III analyzes the overall TC rainfall seasonal contribution in the
United States, investigates possible relationships with climate indices such as ENSO and
AMO, and identifies trends in TC rainfall. Chapter IV analyzes the volume accumulated
by TC rainfall over eastern U.S. between 1960 and 2007and the correlation with ENSO
and AMO. The final chapter (V- Concluding Remarks) provides an overall interpretation
of the research results, as well as outlines the significance and contribution of the
research presented here. This chapter also briefly describes future work, which includes
case studies of individual tropical storms and their contribution to seasonal rainfall over
the eastern United States.
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II CONTRIBUTIONS OF ATLANTIC TROPICAL CYCLONES TO
MONTHLY AND SEASONAL RAINFALL IN THE EASTERN
UNITED STATES -1960-2007
INTRODUCTION
Tropical Cyclones (TCs) are the most devastating of natural disasters with
huge economic losses [e.g. Hurricane Katrina, 2005 and Andrew, 1992] and loss of
human life (Blake, Rappaport and Landsea 2007). TCs cause disruptions in tourism,
cripple transportation, cause delays in production in the oil and gas industry, damages
properties and business, and disrupts coastal ecosystems (Lyons 2004). Extreme rainfall
from TCs also brings additional hazards such as flooding and mudslides, as well as
compromising the quality of available water sources (Cry 1967). The overall impact of
these hazards on the economy and human life is often influenced by the size of the
population impacted by the storm. Increasing population rates in coastal areas over recent
years underscore the magnitude of disastrous consequences, forcing societies and
governments to reduce social vulnerability to hurricanes (Landsea, et al. 1999; Elsener
and Kara 1999).
TCs often represent a substantial part of the annual rainfall in the southern
United States coastal zones, but show a high level of decadal variability (Karl, et al.
2005). Nevertheless, TCs contribute significantly worldwide to monthly and seasonal
rainfall (Cry 1967; Lyon and Camargo 2008). In addition to the obvious coastal zone
impacts of hurricanes, there can also be substantial impacts far inland. For example,
Emmanuel (2005) pointed out that the highest hurricane death tolls in the U.S. result from
inland flooding, and a National Hurricane Center study (Rappaport 2008), showed that 59%
of United States TC deaths from 1970 to 1999 were caused by freshwater flooding inland.
Similarly, at interior locations, TC rainfall contributes to river systems,
5

replenishes reservoirs, and boosts groundwater supplies (Middelmann, 2007).
Understanding TC behavior is critical to minimizing economic loss through urban
planning and mitigation efforts such as engineering levees, dams, and buildings (Rodgers,
Adler and Pierce 2001; Middelmann, 2007).
TC RAINFALL DISTRIBUTION
Rain accumulated from a hurricane in a single location may contribute, within
2 or 3 days, 50% to 100% of mean annual precipitation (Simpson and Riehl 1981).The
amount of rain at a given place is determined by four factors: a) amount of water vapor in
the air, b) ratio of ascending air in the atmosphere, c) vertical extension of the updraft,
and d) duration of the updraft (Emmanuel 2005). Nevertheless, the rate of TC
precipitation diminishes dramatically after landfall. After landfall, TC rainfall is locally
modulated by geographic features, especially mountains (Simpson and Riehl 1981;Hart
and Evans 2001;Emmanuel 2005).
TC forward velocity directly affects the amount of rainfall more than TC
intensity. Larger storms with a slow forward velocity tend to produce the most rainfall at
any given location (Emmanuel 2005).Tropical storm Claudette in 1979 is an example of a
weak storm; however, it produced local rainfall amounts of 30 + inches over Texas and
Louisiana, and 43 inches west of Alvin, TX (Rappaport 2008). Another example of a
weak, slow moving storm with heavy rainfall is tropical storm Alison in 2001, which
produced 36.99 inches at the Port of Houston (Rappaport 2008).
STATEMENT OF PROBLEM
George Cry (1967), in his pioneering study about the contribution of rainfall
associated with TC to annual precipitation, found that from 100 miles to 300 miles inland,
10-15% of the precipitation was associated with TC. Glenson (2006) found a similar
6

pattern of TC rainfall contribution between 1950 and 2004; coastal regions received 8-16%
and near-coastal regions 4-12%. Gleason’s analysis, similar to Cry, pointed out that the
strongest TC contribution to monthly rainfall occurred between August and October, but
with regional variations in that contribution. The amount of precipitation related to
tropical storms and hurricanes varies not only spatially, but varies greatly by decade and
represents a substantial part of the annual precipitation in the Southeast coastal zone
(Karl, et al. 2005). Recent work by Knight and Davis (2007) also found similar results to
Cry. In addition, Knight and Davis showed that tropical rainfall increased over much of
the study region from 1980 to 2004.
Even thou the cited studies showed close results, they have a different period,
number of stations, and methods. In addition, the TC interannual and interdecadal
variability could affect the TC rainfall contribution regionally. A lager number of reliable
weather stations (USHCN), long period (48 years), and a robust methodology to classify
TC rainfall were used to identify the TC rainfall contribution over eastern United States.
The objectives of this study are to:
1. Develop a climatology of TC affecting the United States from 1960-2007,
2. Compare the storm track density between Cry (1967), ranging from 1931-1960, and
the more recent period 1960-2007,
3. Determine the TC rainfall contribution to the total rainfall by month and season (June
to November) from 1960 to 2007 with a denser rain gauge network than that
implemented in Cry (1967), and Knight and Davis, (2007).
DATA AND METHODS
This research implemented data from the HURDAT dataset, including the
track and the intensity of each storm from 1931-2007 (Jarniven et al.1984). The year
1931 serves as the starting point because Cry’s (1967) work also began at the same time
and this allowed for direct comparison with late period. Hurricane season in the Atlantic
7

basin officially begins in June and extends through November (Landsea, et al. 1999),
though there are some outliers. TC frequency in the Atlantic Basin shows that 97.5% of
all storms occurred from June 1 to November 30. This result is based on the National
Hurricane Center dataset (Historical Hurricane Tracks from 1851-2007), and can be
downloaded from the NHC web page (http://maps.csc.noaa.gov/hurricanes/download.jsp).
As a result, this study will only focus on storms occurring during hurricane season from 1
June to 30 November.
Tracks were included as long as the HURDAT dataset maintained it as
“tropical,” as many TC transform into extratropical systems after making landfall (Keim
et al. 2004). Once a storm becomes extratropical, the dynamics within the storm change,
hence the rain produced is no longer considered “tropical”. For that reason, tropical
storms after becoming extratropical or subtropical systems were excluded from the
analysis, resulting in 220 storms left for this study.
Rainfall was divided into two subsets: one with the accumulated TC daily
rainfall for each month, called Tropical Rainfall (TR), and the other, the difference
between TR and the monthly precipitation, called Non-Tropical Rainfall (NTR), as
performed by Cry (1967). As noted, once a storm becomes extratropical, it is classified as
NTR. In addition, rainfall produced by subtropical storms is also classified as NTR.
Previous research provides some guidance regarding the size of the rainfall
swath produced by TC. For example, Cry (1967) considered rainfall to be tropical within
the limits of the TC circulation ranging from under 100 kilometers to over 800 kilometers,
depending on each storm’s characteristics. Rao and Macarthur (1994) placed a grid over
each storm and determined the rainfall within each grid cell. Gleason (2006) used a
simple partition method to consider rainfall associated with TCs, considering any rainfall
8

≤ 600 km from the center of the storm as tropical rainfall.
Due to the asymmetrical structure of TC, rainfall shields cannot be represented
by a circle (Matyas, 2007). However, Englehart and Douglas (2001) found that in 90% of
cases the TC’s rainfall occurs within 600 km from the center, and they used a 550 km
radius from the center of each storm to assign surface weather stations as receiving TCderived rainfall data. Knight and Davis (2007) based their study on all rainfall data
associated with the tropical storm, even after becoming extratropical or associating with a
frontal system. This approach could have overestimated the contribution of TC rainfall in
the monthly totals. In this study, a conservative approach was used in considering tropical
rainfall related to the distance of the center of TC. Using guidance from these previous
efforts, a buffer of a 500 km (310 miles) radius centered on each storm was used to select
the area affected by the tropical precipitation. TC precipitation was to be assumed
symmetric around the storm center (Larson, et al., 2005). The 500-km criterion is an
operational definition to reduce the influences of other meteorological systems such as
approaching extratropical cyclones
Rainfall data are extracted from monthly rainfall observations from the
United States Historical Climatology Network Monthly Precipitation and Temperature
Data USHCN (Williams et al., 2007). This dataset contains 1221 high-quality stations
from the U.S. Cooperative Observing Network within the 48 contiguous United States,
and has undergone extensive quality assurance checks and includes only the most reliable
and unbiased long-term records. Daily precipitation was obtained for the same stations
through the Southern Regional Climate Center (SRCC) Applied Climate Information
System (ACIS). TC-related precipitation was considered any precipitation produced by
hurricanes and tropical storms for all storms making landfall in the Eastern U.S., and for
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all storms that were within an offshore distance of 500 km. No subtropical systems were
considered as denoted by the National Hurricane Center (NHC) in the best-track dataset.
All weather stations were plotted by month and clipped by the storm’s buffer
region using ArcMap 9.2. Figure 1 provides an example of the clipped stations that fell
under the 500 km buffer. Figure 1a shows the path of Hurricane Camille in 1969 with the
tropical buffer area as well as the stations within this area, and the storm classification
(Saffir-Simpson). Figure 1b represents the 500 km buffer for all storms used to select 34
states used in this study, which includes 717 USHCN stations. However, despite the fact
that the states of New Mexico, Colorado, and Nebraska were within the storm buffer,
they were not included on this study because TC rainfall contribution are less than 1% of
the total precipitation.
Excel was used to calculate basic descriptive statistics. ArcMap was used to
display those stations and to perform spatial analyses. The simple Kriging quartile tool
was used to create an interpolated surface (Chapman & Thornes, 2003). Kriging was
chosen as the interpolation method because it assigns more influence to the nearest data
points in the interpolation of values for unknown locations and generally creates smooth
patterns, with fewer bull-eyes than many other interpolation methods (Anderson 2001).
Line density is an ArcMap tool used to calculate the density of linear features in the
neighborhood of each output raster cell. Density is calculated in units of length per unit of
area. Using the NHC best track data (location and storm intensity at 6-hour intervals), the
track density (TD) was computed for each month. TD was obtained using ArcGis 9.2
spatial analysis tool: line density, with a cell size of 0.2° x 0.2° lat/long. Some researchers
have used 0.5° x 0.5° lat/long grid in storm track density analyses (Lyon & Camargo,
2008), however, the cell size of 0.2° x 0.2° lat/long was chosen to capture a higher
10

resolution in storm track variability The TD was used to compare changes in monthly
tracks from 1931-1960 (the period analyzed by Cry (1967) ) and from 1960-2007.

a

b

Figure 1 : (a) Hurricane Camille track (solid line) with the 500 Km buffer (shadow area).
Dark dots represent the stations under the TC rain buffer, and the light dots represent
stations in the study not affected by Camille; (b) Buffer of all storm 500 km from 19602007 (red area). Dark dots represent the 717 stations included in this study.
RESULTS
Tropical Cyclones Affecting the United States
Figure 2 shows a time series of storm counts from 1960 to 2007, a period that
averaged 10.4 named storms per year, higher than the 9.8 found by Landsea et al. (1999)
from 1950 through 1990. Webster (2005), using time series for all basins from 1970 to
2004, found no trend in hurricane frequency, though Figure 2 does show an increase in
storms counts beginning in the mid-1990s. The five-year moving average has a positive
trend after 1995, and the Kendall tau b test showed a positive trend (p=0.01) in the total
number of TC. However, individually any TC class (TS, Cat 1, Cat2…etc.) showed a
statistically significant trend.
Figure 3 shows the frequency of landfalling storms summed as storms either
making landfall or coming within 500 km of United States coast from 1960-2007. The
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study period shows a total of 220 storms - an average of 4.6 storms per year. Similar as
found in Figure 2, the 5-year moving average shows a positive trend after 1990, however,
no trend was found in the time series, based on Kendall tau b.
The period of 1960-2007 had 287 hurricanes and 219 tropical storms; however,
only 50 hurricanes and 104 tropical storms have landfall, as defined by the National
Hurricane Center, in the eastern U.S. between June and November (Table 1). In addition,
76 TCs were included in this study that tracked within the 500 km threshold to shore
bringing the total number of storms included in this study to 220. The study period
displays annual variability of hurricanes and tropical cyclones, whereby in August and
September 62% of all hurricane and tropical storm landfalls in the U.S. took place.
Storm Day
Storm days (SDs) are defined as the total number of days that a TC center
either crossed or came within 500 km of the coast of the United States (only Atlantic
Basin storms). A single storm day can have more than one storm affecting the U.S. at the
same time. Figure 4 shows the number of SD by year. The moving average shows a
negative trend from the 1970s to the early 1990s and a positive trend after that. The year
2005 had 43 SDs and 1985 had 31 SDs, with an average of 13.7 SDs per year. Figure 5
shows the monthly percentage of SDs, with September having the highest seasonal
percentage at 45%.
Storm Track Density
The shaded areas in Figure 6 represent the high line density. Density is
calculated in units of length per unit of area. The default unit of area is one square map
unit. Thus, the units of line density are map units per square map unit, or 1/map units.
Density is in meters (of line length) per square meter (Silverman, 1986).
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Figure 2: Annual number of named tropical storms over the Atlantic basin for the period
of reliable record from 1960 to 2007. The five-year running mean (solid line) is
superimposed on the time series.
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Figure 3: Annual number of storms within 500 km from the U.S. coast from 1960 to
2007.The 5-year running mean (solid line) is superimposed on the time series.
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Table 1: Frequency of hurricanes and Tropical storms between 1960 and 2007 in the
Atlantic basin.
All Storms

U.S. Landfall

TS/TD

H1

H2

H3

H4

JUN

23

6

JUL

26

16

3

4

1

AUG

58

26

14

16

SEP

66

36

21

OCT

37

25

NOV

9

Total

219

H5

1

Total

TS/TD

H1

H2

H3

H4

H5

30

JUN

16

1

17

2

52

JUL

12

2

14

15

8

137

AUG

27

7

3

3

1

23

23

9

178

SEP

35

12

10

1

1

10

5

3

3

83

OCT

10

4

1

2

13

2

1

1

26

NOV

4

1

122

50

50

43

506

Total

104

27

22

41
1

5
14

6

2

1
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Figure 4: Storm days from 1960 to 2007 and 5- year moving average (bold line)
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Figure 5: Monthly percentage of storms days from 1960-2007
•

June
Storm track density showed regions with high values in the Gulf of Mexico

(Figure 6). The average of June tropical storms per year during the period 1960-2007 was
0.45 storms, close to Cry’s 0.56 storms for 1931-1960. Tropical storms represent 70% of
all storms, minor hurricanes 18%, and major storms 12% during that 1931-1960 period.
June had 53 SDs with an average of 1.8 SDs per year. TCs in June during 1960-2007
were characterized by a two storm track regions, one in Texas, and another from East
Florida to South Georgia and the Carolinas. June of 1968 had three storms and 1986 had
two storms, and 19 years had only one storm. Tropical storms (TS and TD) represent 69%
of all storms, minor hurricanes 26%, and major hurricanes 5%. The study period showed
54 SDs with an average of 1.1 SDs per year.
•

July
Storm track density in during 1931-1960 showed two regions one in Texas and

Louisiana coast and another high density along the South Carolina coast. The July storm
year average, from1960-2007, was 0.46 storms per year, smaller to Cry’s 0.63 storms per
15

year for 1931-1960 period. The number of SDs had increased 12% relative to June.
Tropical storms in this period represented 84% of all storms and minor hurricanes (16%).
July storm tracks showed four high-density regions; one in the Gulf of Mexico, one over
Alabama, and two on the Carolina coast (Figure 6). During 1960-2007 period tropical
storms represented 59% of all storms, minor hurricanes (32%) and major hurricanes
(9%). In July 23% of the years (1960-2007) had one TC, and 8% had more than one. In
2005, a record of 5 storms occurred. The later (1960-2007) period had storms travelling
further inland compared with the earlier period (1931-1960).
•

August
Figure 6 shows two high-density regions in the storm tracks, one in the Gulf of

Mexico and another on the Carolinas’ coast. The number of SDs rose to 193 with an
average of 5.8 SDs per year. August exhibited an average of 1.4 U.S. landfalling storms
per year during 1931-1960. The year of 1933 was the most active with four storms per
year. This period was characterized by a higher number of tropical storms (53%),
followed by category 1 and 2 hurricanes in SFHS (33%), and major hurricanes with 14%.
The density tracks (Figure 6) during the period 1960-2007 were concentrated in
eastern Florida and from South Carolina to Virginia. The track density during Cry’s study
moved from the Gulf of Mexico to the East Coast during the second period. August
shows an overall average of 1.2 storms per year, lower compared to Cry’s period. The
year of 2004 had the most TC frequency with 5 storms. However, thirteen years had no
storms make landfall at all, even using the 500 km from the coast criteria. TS represent
48% of all storms, minor hurricanes (29%), and major hurricanes (22%). The number of
SD in August jumped to 163, however with an average of 3.4, lower than Cry’s study
(5.8).
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•

November
November is the lowest TC activity month with an average of 0.3 storms per

year during 1931-1960. Only 8 storms were reported in 30 years, and that could be result
of the observation system in that period, as pointed out by Landsea (1999). TS
represented 75% of all storms, minor hurricanes 12%, and Major hurricanes 13%. This
month has the lowest SDs with only 21 SDs and an average of 0.7 storms days per year.
The TC track density showed a shift closer to shore between Cry’s study
(1931-1960) and the period of 1960-2007 (Figure 6). This period showed an average of
0.2 storms per year, lower than Cry’s. Only ten years had one storm, and 38 years with no
storm landfalls. TSs represents 60%, minor hurricanes 20%, and major hurricanes 20%.
The number of storm days in November is the lowest of the hurricane season (June –
November). The total is 24 SDs and an average of 0.5 storms days per year, where 1994
was the maximum year with six SDs.
Percentage of Tropical Rainfall Contribution
The percentage of tropical rainfall related to total monthly precipitation was
determined. To compare results in this study to Cry (1967), procedures used here were
applied to the period 1931-1960; any storm within a 500 km distance of the coast was
counted. That procedure will produce in some months a higher number of storms than
Cry computed. Cry’s results were published before Herbert Saffir and Robert Simpson
developed their Saffir-Simpson Hurricane Scale – SFHS (Blake, Rappaport and Landsea
2007). However, the Saffir-Simpson scale was applied to Cry’s study of storms to
compare to more recent studies.
•

June
June shows that the maximum average rainfall occurs in the Florida .
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Figure 6: Storm track
density was calculated for
a cell size of 0.2° x 0.2°
latitude/longitude, and
shows the density of linear
features in the
neighborhood of each
output raster cell. Each
month during the Atlantic
hurricane season (June to
November) is displayed for
two study periods. The left
column displays TDs
during Cry’s (1967)19311960 study period. The
shaded blue regions
represent the highest line
density. The right column
represents the TDs during
1960-2007 study period.
Shaded red regions
represent the highest line
density
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Panhandle and southern Louisiana (20 to 30 cm), and TC rainfall in Florida and along the
Texas coast at 1.5 to 2.0 cm per year (Figure 7a). West Texas receives the least rainfall
(tropical and non-tropical). The tropical rainfall average showed two maximum regions,
one on the Texas coast and the other at Florida and South Georgia (Figure 7b). The
maximum percentage of TC rainfall was found on the Texas coast, north Florida and
South Georgia at 9-12% (Figure 9- June). That high percentage is related to the lower
non-tropical rainfall in those regions. The geographical pattern agrees with Cry’s findings,
however, the 1960-2007 analysis showed a percentage of 6-9% east of the Appalachians,
higher than Cry (1967) and Knight and Davis (2007). That difference may be related to
variations in the study periods, as well as variability in the number of storms between the
study periods.
•

July
The total rainfall average shows that the Gulf of Mexico Coast received the

maximum values followed by the Atlantic Coast, and Texas the least amount of rainfall
(Figure 7c). The average TC rainfall shows a maximum value (1.5 to 2.0 cm) from east
Louisiana, South Mississippi, South Alabama and West Florida (Figure 7d). The
maximum TC percentages (Figure 9 – July) show a region from the Gulf crossing
Georgia, the Carolinas, and extending down to Massachusetts (6-9%); these are roughly
the same values found by Knight and Davis (2007)
•

August
Florida receives the maximum precipitation from TC in August with 20 to 25

cm, while southern Louisiana receives 20 cm on average (Figure 7e). Texas is the region
with the least precipitation (5cm); however, the coast receives more than 10 cm. Tropical
rainfall showed a maximum value in the Florida Panhandle and in N. Carolina (3.9cm).
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Figure 7: June to August monthly rainfall average and TC monthly rainfall average
from 1960-2007. Each month shows the storm buffer region (light blue line). Left
column represents the seasonal rainfall average and the right column the TC seasonal
rainfall average.
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TC rainfall decreases rapidly inland, but terrain features could intensify rainfall, such as
that shown in the Appalachians in the Carolinas (Figure 7f). TC average percentage
(Figure 9 - August) presents three regions with more than 12%: 1) South Carolina and
Eastern North Carolina, 2) Southern Florida, and 3) Southern Texas, where the maximum
percentages are found in Texas (Corpus Christi and Falfurrias) with 22%. Most of the
study region receives between 9 to 12%. The pattern found in the 1960-2007 period
showed some general similarity with Cry’s results. However, Cry (1967) found a
maximum region in South Texas 30% tropical rainfall in August, whereby this study has
it at 15%. Differences in both studies can be explained by the storm tracks in Cry’s study,
methodology, and monthly rainfall (dry or wet seasons). These results compared to
Knight and Davis showed similar values only in southern Texas. The maximum
percentage in the North Carolina coast (>24%) found by Knight and Davis can be
explained by the number of stations on their study (84 station) compared this study (717
stations), and the TC frequency in both studies as a result of the time period (25 years on
their period versus 48 years on this study).
•

September
Monthly rainfall averages shows that the Florida Panhandle receives the

maximum with more than 20 cm (Figure 8a). Rainfall decreases rapidly inland with
values higher than 15 cm on the coast (from Texas to Virginia) to less than 5cm in
western Kansas and western Oklahoma. TC rainfall average has higher values on the
coast (3 to 6 cm), decreasing rapidly inland to less than 1cm. Coastal North Carolina
shows a maximum value of 7.6 cm. Local and regional topographic features could alter
the TC rainfall values. Most of the higher TC rainfall is found east of the Appalachians
(Figure 8b). September shows two regions that receive the largest TC rainfall
21

contribution; one in south Alabama with 30-32%, and the other in North Carolina and
Virginia with 30-34% (Figure 9 -September). These results were similar in pattern to
Cry’s findings; however, there are some discrepancies in values. Cry found 45% from the
Virginia coast to coastal New Jersey, whereby results here show less than 35%. Overall,
the period of 1960-2007 presented higher TC rainfall contributions as compared to the
Cry and Knight and Davis studies. The study period had an average of 1.5 storms per
year; smaller than during Cry’s study, which had 1.9 storms per year. TC frequency has a
maximum of 5 storms in 2002, 4 storms in 1971 and 1998, and 14 years with no storm
landfalls.
•

October
During October, the maximum rainfall average was found in South Florida,

followed by Eastern Texas and Western Louisiana (Figure 8c). The East Coast from
Florida to North Carolina received the maximum amount of TC rainfall (>2cm) followed
by South Louisiana and West Florida (Figure 8d). Tropical rainfall percentage has a
maximum value over South Carolina (similar to Cry and Knight and Davis), decreasing
further inland. East Louisiana shows another higher value (15-18%) (Figure 9- October).
Overall, October 1960-2007 showed the greatest reduction in TC rainfall
contribution, when compared to 1931-1960. Knight and Davis founded a higher value of
15%-18% TC contribution in the South Carolina coast, and the period of 1960-2007 had
21% for the same region.
•

November

The maximum rainfall average area is found in Maine (>20cm), however; North.
Louisiana and West Mississippi has the second highest rainfall (>15 cm) (Figure 7e).
Rainfall was altered by frontal systems or geographic features other than tropical systems.
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Figure 8: September to November monthly rainfall average and TC monthly rainfall
average from 1960-2007. Each month shows the storm buffer region (light blue line).
Left column represents the seasonal rainfall average and the right column the TC
seasonal rainfall average.

23

Tropical systems produced more rainfall in South Florida (Figure 8f). The maximum
percentage is 9-12%, which is close to the value founded by Knight and Davis (2007).
TC Seasonal Rainfall Distribution
Seasonal rainfall (tropical and non-tropical) shows South Florida with the
largest value (>120 cm), followed by the Gulf of Mexico and the coast of North Carolina
(Figure 10-a). West Texas and West Oklahoma have rainfall totals lower than 50cm.
Generally, rainfall totals diminished further inland; however, local features such as
mountains could locally increase the amount as is seen on the border of Georgia,
Tennessee, and North Carolina. TC rainfall maximum occurs in the Florida Panhandle,
followed by Louisiana and North Carolina (Figure 11-a). The TC percentage has a
different pattern compared with the TC rainfall. The maximum value is found in south
Texas and the coast of North Carolina (14-16 cm), and it decreases when moving inland
and northward away from the rainfall source (Figure 11- a). These results are similar to
Cry’s findings, however, the period of 1960-2007 possessed higher TC rainfall
contribution inland than during the 1931-1960 period. For example from the Texas
Panhandle to western Kansas were values higher than 8% of TC contribution are shown ,
suggesting that storms were traveling further inland during the 1931-1960 period (Figure
11-b).
TC Rainfall Contribution Comparison
Figure 12 (a-c) shows the Cry (1967) TC rainfall average contribution (AugustOctober). He combined TC rainfall average of Jun and July on his study and did not
considered November TC rainfall. Cry approaches might create some differences
compare with this study, and for that, only August to October will be used to comparison
between both studies.
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•

August
This month showed that TC rainfall had higher contribution over coastal

stations during 1931-1960 compared with 1960-2007 period. South Texas had 30% of
TC rainfall during the fist period and 15% during the second period. However, during
1960-2007 TC rainfall showed higher inland contribution, with the 10% isoline crossing
Kentucky, western Mississippi, north Texas, and Oklahoma (Figure 9). Several regions
presented similar TC rainfall contribution during both study periods: Alabama and
Florida Panhandle with 10%, south Florida with 10%, and North Caroline with higher
than 12%.
•

September
Similar to August, September showed higher TC rainfall contribution on the

coastal USA stations during Cry’s period, and higher inland TC rainfall contribution
during 1960-2007 (Figure 9). New Jersey received 45% of TC rainfall during 1931-1960
and less than 30% during 1960-2007. The 20% TC rainfall isoline showed the same
pattern in both study periods from Maine, passing east of The Appalachians, to Louisiana.
During 1960-2007, the states of Texas, Oklahoma, Arkansas, Tennessee, Kentucky, and
from Indiana to west of New York received more TC rainfall contribution compared with
1931-1960.
•

October
This moth showed a similar TC rainfall contribution pattern during 1931-1960

and 1960-2007.The 10% TC rainfall isoline from Virginia to Louisiana showed similar
pattern in both periods. TC rainfall showed higher contribution in coastal stations during
the first period, similar as founded in previous months (Figure 12c). However, the north
states of the Appalachian region received more TC rainfall contribution during 193125

1960 compared with 1960-2007.
Seasonal
Cry (1967) analyzed the TC rainfall contribution in the eastern United States
from June to November (1931-1960) (Figure 12d). The Coastal Plain region received in
average 10%-15% of TC rainfall in both study periods, and the Appalachians, east of the
Interior Lowlands, and south of the Great Plains receives less than 5%. Seasonally, TC
rainfall contribution presented the same pattern during 1931-1960 (Figure 12d) and 19602007 (Figure 11b) periods.
SUMMARY AND DISCUSSION
The average of TC rainfall in the U.S. changes considerably from month to month and it
is regulated by each storm’s track, intensity and forward movement.
The following bullets are a summary of the findings:
•

November receives the least amount of TC rainfall, less than 1cm across the study
region (Figure 8f).

•

September shows the maximum amount on average, 6 cm in North Carolina
(Figure 8b).

•

Florida receives the maximum amount of TC rainfall with 14-16 cm (June to
November)

•

June has the maximum TC rainfall percentages in Texas (15-18%), South
Georgia, and Florida.

•

North Carolina, Virginia, and South Alabama present more than 30% of TC
rainfall contribution in September

•

In July, the maximum is positioned over west Florida with 9-12%.

•

TC rainfall percentages change geographically from June to November.

•

Georgia and South Carolina have more than 18% and Florida has 9-12% in
October

•

TC rainfall contributes less than 3% in the majority of the region November.

•

Seasonally (June to November), South Texas and eastern North Carolina receive
the maximum TC rainfall contribution (14-16%).
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After September, the number of storms begins to decrease and fewer storms
produce inland rainfall. In., a similar result found by Cry (1967). The percent is high in
Texas because total non-tropical rainfall is low. In North Carolina, however, the
percentage is high because it is most tropically active portion of the U.S. Gulf and East
Coasts (Keim et al., 2006).
TC rainfall and its contribution to the monthly total during 1960-2007
showed a similar geographic distribution as found by Cry (1967) and Knight and Davis
(2007), even though the total number of SD had some differences between 1931-1960
and 1961-2007.
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Figure 9: June to November monthly TC rainfall percentage from 1960-2007.
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a

b

Figure 10: Total rainfall June-November (a) and Non-Tropical (b), from 1960-2007

a

b

Figure 11: Annual TC rainfall average (a) and annual average percentage (b), from 19602007.
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Figure 12 : Tropical cyclone rainfall average contribution from 1931-1960 by Cry (1967).
Figures a, b, and c represents the months August, September, and August. Figure d
represents the seasonal TC rainfall average contribution (June to October).

30

III CHARACTERISTICS OF TROPICAL CYCLONE RAINFALL
OVER THE EASTERN UNITED STATES
INTRODUCTION
Tropical cyclones (TCs) are the most devastating of natural disasters. They are
responsible for causing huge economic losses [e.g. Hurricane Katrina] and loss of human
life (Blake et al., 2007). TCs are generally thought of as storms with coastal impacts,
e.g., high winds and surge, but they can also bring heavy rainfall much further inland. TC
rainfall can often produce flooding and mudslides, but that rain can be beneficial to
regions experiencing drought. TC velocity directly affects the amount of rainfall more
than TC intensity. Larger storms with a slow forward velocity have a tendency to produce
the most rainfall at a given location (Emmanuel 2005). Tropical Storm Claudette in 1979
is an example of this type of weak storm; however, it produced several local rainfall
amounts totaling over 76 cm over Texas and Louisiana, and 109 cm west of Alvin, TX
(Rappaport 2008). Rainfall associated with TC can extend hundreds of kilometers from
the center of the storm and these systems interact with other meteorological phenomenon.
Tropical cyclone activity in the North Atlantic experiences great variability
from the intra-annual, the interannual (El Nino-Southern Oscillation), and the
interdecadal (Atlantic Sea Surface Temperature - SST) timescales (Keim and Robbins
2006, Gray 2006, Landsea, et al. 1999,). TC seasonality is associated with the seasonal
cycle of SST, peaking late summer and late autumn. Landsea et al. (1999) point out that
the discrepancy between interannual and interdecadal TC activity with the SST in the
North Atlantic Basin may be explained by the interactions of the SSTs with other
environmental controls such as El Niño Southern Oscillation (ENSO). For example, El
Niño reduces TC activity through an anomalous increase in upper tropospheric westerly
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winds over the Caribbean basin and the equatorial Atlantic (Gray, 1984). Those
anomalous winds increase the tropospheric vertical wind shear creating an unfavorable
environment for TC development and maintenance. Many studies have identified an
empirical relationship between SST and TC activity where a warmer SST enhances
development of TC (Shapiro and Goldenberg, 1998, and Molinari and Mestas-Nuñez,
2003). Various studies investigated the potential effect of long-term global warming on
the Atlantic SSTs and the correlation with the number and strength of TC. However,
Goldenberg et al. (2001) pointed out that those studies were inconclusive and explained
that multidecadal-scale TC variability is greater than the possible small increase in SST
by global warming. This study analyzes TC rainfall in the United States and its possible
relationship with climate teleconnections such as ENSO and AMO. It will also identify
trends in the amount of TC rainfall between 1960 and 2007.
DATA
Monthly precipitation data used in this study were obtained from 717 stations
in the U.S. Historical Climatology Network (USHCN), between 1960 and 2007. These
station falls within the states that were selected based on the storm track transition from
tropical storm to tropical depression, defined by the National Hurricane Center. Previous
studies showed that TC rainfall contribution is less than 1% in west of Minnesota and
Iowa, and north of Kansas(Cry, 1967, Knight and Davis, 2007).
Figure 13 shows the spatial distribution of these stations. Daily precipitation was
obtained for the same stations through the Southern Regional Climate Center (SRCC)
Applied Climate
Information System (ACIS) to update the USHCN dataset to 2007. TC-related
precipitation was considered any precipitation produced by hurricanes and tropical storms
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with or without landfall within an offshore distance of 500 km. No subtropical or
extratropical systems were considered in this analysis, as defined by the National
Hurricane Center (NHC) in the Hurricane Database (HURDAT). The rainfall dataset was
divided into two subsets; one called Tropical Rainfall (TR) with the accumulated TC
daily rainfall for each month and the other called Non-Tropical Rainfall (NTR) with the
difference between TR and monthly precipitation, as performed by Cry (1967).

Figure 13: Study region and U.S. HCN stations.
The ENSO monthly SST anomalies used in this study were obtained from the
Niño 3.4 region (5°N–5°S, 170°W–120°W) from the Climate Prediction Center (CPC),
based on threshold of 0.3°C as suggested by Trenberth (1997). A more detailed
description of the Niño 3.4 index can be found at
http://www.cpc.ncep.noaa.gov/data/indices/. The ENSO index is identified using 6month (June to November) averages of SST anomalies. El Nino was defined when the
SST anomaly average was greater than 0.3°C and a La Niña when the SST anomaly
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average was at least 0.3°C below average. Figure 14 shows the ENSO 3.4 SST anomaly
time series and the ENSO phases (cold, warm, and neutral).
AMO was named by Kerr (2000), and it is and index of North Atlantic sea
surface temperatures between 0°-60° N latitude and 7.5° and 75° W longitude. The AMO
phase impacts weather patterns such as rainfall and rivers flows over the continental U.S.
(Enfield et al., 2001) and is linked to the Atlantic hurricane activity (Gray, 1990, Landsea
et al., 1999, Goldenberg et al., 2001). The AMO dataset was obtained from the National
Oceanic and Atmospheric Administration (NOAA) Earth System Research
Laboratory/Physical Science Laboratory. The dataset can be downloaded from the
NOAA web site (http://www.cdc.noaa.gov/Timeseries/AMO/). Note that AMO were
averaged by the twelve months (January-December) anomalies values.
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Figure 14: Pacific Nino 3-4 region SST anomalies and the JMA ENSO phases (Red for
positive; white for negative; and black for neutral, based on 0.3°C thresholds.
METHODS
This study frames the definition of TC rainfall based on the general question:
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what distance from the center of a TC can observed rainfall be accurately associated with
that storm? Previous researchers investigated the swath of rain produced by a TC using
different methods. Cry (1967) considered TC rainfall to be within the limits of the
circulation ranging from under 100 kilometers to over 800 kilometers. Rao and
Macarthur (1994) placed a grid over each storm and determined the rainfall within each
grid cell. Gleason (2006) used a simple partition method to consider rainfall associated
with TCs. His definition considered any rainfall within distances less than or equal to 600
km from the center of the storm as tropical cyclone rainfall. Separating rainfall into
tropical and non-tropical cyclone components is a challenging task. TCs can produce
rainfall for hundreds of kilometers from their centers (Larson, Zhou and Higgins 2005).
Cerveny and Newman (2000) pointed out that there is a linear relationship between TC
intensity and the amount of precipitation. However, there is no direct correlation between
TC intensity, size, and strength.
Due to the asymmetrical structure and interactions with other weather systems,
TC rainfall shields cannot be represented by a circle (Matyas 2007). However, in 90% of
cases, TC’s rainfall occurs within 600 km from the center (Englehart and Douglas, 2001).
TC rainfall can be studied based on all rainfall data associated with the tropical storm,
even after becoming extratropical or associating with a frontal system (Knight and Davis,
2007). However, this approach would overestimate the contribution of TC rainfall. This
study used a radius of a 500 km (310 miles) centered on each storm track, based on the
HURDAT dataset, to include the weather stations rain data; the TC precipitation was
assumed to be symmetric around the storm center as noted by Larson, et al. (2005). The
usual concept that a TC eye must move inland to affect a coastal area is inadequate and
could be misleading regarding impacts of TC. In this study, any TC system within 500
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km of the coast was included as a system capable of producing inland rainfall and
therefore was defined as a landfalling storm. This criterion could be too large for some
storms, but will only affect the number of storms and not the amount of rainfall. The 500km criterion is an operational definition to reduce the influences of other meteorological
systems. ArcMap 9.2 was used to plot and display all weather stations by year, subset
those stations by the storms buffer region, and perform spatial analyses.
A simple Kriging quartile tool was used to create an interpolated TC rainfall
surface (Chapman and Thornes 2003). Kriging is a stochastic technique, similar to
Inverse Distance Weighting –IDW that use linear combinations of weight at unknown
points to estimate values to unknown point. Anderson (2001) comparing three spatial
interpolation methods of the air temperature data from the Phoenix Metropolitan area and
found that Kriging produced the best estimation of the air temperature. Kriging has also
been used effectively to interpolate rainfall data (Earls and Dixon, 2008, Miras-Avalos et
al., 2007)
The Lambert Conic Equal Area projection was used to minimize errors in
calculating TCs rainfall areas and volumes. The first step was selecting stations within
500 kilometers from the center of each storm position and computing the accumulated
rainfall related to TC. The second step was interpolating the rainfall using simple Kriging,
converting to a raster format, and clipping by the storm buffer area. The total rainfall
volume for a given year was calculated in ArcMap as:
 

       

   

}

The volume of rainfall was expressed in km3.
Non-parametric Correlations
A correlation measures the linear relationship between variables (Field
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2005). The most widely used method (for the complexity of their calculations, nonparametric were more complicated than linear correlations, it is not until recently that
computers have overcome with this limitation) to evaluate linear correlations is the
Pearson product moment correlation coefficient. Although a linear correlation coefficient
can often give an approximate idea of the strength of the relation between the variables
under study, it has a limited resistance and robustness, and lacks reliability in the
determination of the level of significance (Haylock 2004). Rank (or Non-parametric)
correlation coefficients can overcome these limitations; normally distributed data is also
not a condition for these techniques.
Kendall’s tau-b (τ) is a non-parametric correlation that measures the
association of the number of concordant and discordant pairs of observations. A pair of
values is said to be concordant if they vary together, and discordant if the vary
differently. The coefficient ranges between -1 (ranks increasing separately) and +1 (ranks
increasing together).

Teleconnections
TC rainfall is characterized by interannual and interdecadal variability. Those
variations may be related to climate teleconnections such as El Niño Southern Oscillation
and Atlantic Multidecadal Oscillation. In this paper, impacts of ENSO and AMO in the
TC rainfall over United States are examined. Listed below are seven variables related
with TC rainfalls chosen to test if there are any correlations with ENSO and AMO:
1) Month_tot - represents the total seasonal (June-November)rainfall
(tropical and non-tropical);
2) TC_tot - total TC rainfall;
3) Non_tc tot- total rainfall produced by non-tropical systems;
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4) Percentage_tc- percentage of TC rainfall of total rainfall;
5) Number of Storms – number of storms affecting the Eastern United States;
6) VOLUME - represents the total rainfall volume produced by TC;
7) AREA - the area affected by TC threshold.
•

ENSO
Henderson-Sellers et al. (1998) pointed out that El Niño events are related to

the seasonal frequency and interannual variations of tropical cyclone activity.
Furthermore, several studies relate ENSO with tropical cyclone activity (Landsea et al.
1996, Bove et al. 1998, Landsea et al. 1999, Pielke and Landsea, 1999, Tonkin et al, 1997,
Enfield et al. 2001, Walsh, 2004, Gray, 2006). Pielke and Landsea (1999) pointed out that
during the cold phase ENSO (La Niña) events, the U.S. experiences a larger number of
TCs and more damage compared to the warm ENSO (El Niño) phases.
•

AMO
The Atlantic Multidecadal Oscillation (AMO) is defined by the SST between

warm and cold phases within a 65-80 year cycle (Kerr, 2000). The AMO showed warm
phases from 1860-1880 and 1940-1960 and cold phases from 1905-1925 and 1970-1994.
A new AMO warm phase started circa 1995 (Enfield e tal.2001), and continued through
the end of the study period, 2007. The relationship between TC and decadal-scale SSTs
has been studied for decades.
RESULTS AND DISCUSSION
The study period showed an average of 313 stations (of the 717) affected by TC
rainfall per year (Figure 15a), 1990 has lowest number of stations (52), and 1985 with the
highest number of stations (936). The number of affected stations showed a slight
positive trend, but was not statistically significant Instead, it shows a multidecadal
oscillation; affected stations above average from the 1960s to mid 1970s and after the
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mid 1990s, and affected stations below average during late the 1970s, 1980s and early
1990s. The affected stations showed a high correlation with the AMO phase, significant
at the 99% confidence level. The results of a t-test show that the affected stations are
related to the AMO phase. The five-year moving average shows two periods with a lower
number of stations affected by TC rainfall: 1971-1982 and 1987-1994, and a positive
trend after 1995. The number of stations affected by TC rainfall per year is directly
related to the number of storms and the travel time. However, averaging the stations
affected by number of TC per year shows a different result (Figure 15b); annually
variation but without any significant trend. This time series serves as an index of the
annual average spatial extent of the storms that occurred each year. The greater the value,
one can assume that the storms of that year affected larger areas then if this value is
smaller. However, this is not an index for the number of storms or the total area of each
year, but rather the average per storm. The average number of affected stations per storm
shows less interannual variability when compared with the total number of affected
stations per year. The average per storm decreases to 64 stations and the maximum
number of stations occurred in 1979 with 121 stations. The five-year moving average
shows an oscillation around the average.
The spatial distribution of annual average TC rainfall and the TC rainfall
contributions in percent over the eastern and southern U.S. from 1960-2007 are shown in
Figure 16. The TC average rainfall over the study period indicates that southern Florida
receives over 14 cm, the highest amount of rainfall, on average in the eastern United
States.
The coastal region extending from Southern Louisiana to South Virginia
receives an average of 8-10 centimeters of TC rainfall; however, western Florida and
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North Carolina’s coasts receive an average of 12-14 cm of TC rainfall (Figure 3a).
The amount of TC rainfall decreases rapidly towards the northwest. The region from
western Texas, Oklahoma, and Kansas receive less than four centimeters of TC rainfall,
on average. These results suggested that the TC rainfall contribution is directly related to
the seasonal total rainfall, the storm path, storm intensity, and other factors such as ENSO
and AMO phase could affect as well (Henderson-Sellers et al., 1998).
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Figure 15: Number of TC affected stations by year in the Eastern United States. a) Total
number of affected stations (bars), 48-year average (dashed line), and 5-year moving
average (bold line); b) Total number of affected stations averaged by the number of
storms per year (bars), 48-year average (dashed line), and the 5-year moving average
(bold line).
The TC rainfall percentage is directly related with the total rainfall. TC
contributes more than 14% in southern Texas and eastern North Carolina from June to
November. However, Texas presents an average of 6-8 cm while North Carolina receives
10-12 cm. The coastal region from Texas to Maine receives more than 8% of TC rainfall.
The TC rainfall contribution decreases northwestward as the total TC rainfall decrease.
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Drier regions such as northern Texas, Oklahoma, and Kansas present a higher percentage
of TC rainfall than the surrounded area, 8-10% of TC rainfall, due to fewer non-tropical
systems (Figure 16b).
a)

b)

Figure 16: (a) Annual average of TC rainfall, and (b) TC rainfall contribution in
percentage from June until November total rainfall (1960-2007).
Total rainfall (TC and non-TC rainfall) accumulates in all stations from June
to November in the study period is shown in Figure 17a. Figure 17b represents the
anomalies of the average normalized by the standard deviation during the study period,
and overall, the total rainfall exhibit great yearly variation (2 ½ standard deviations). The
time series presents a drier period in the first decade (1960-1970), and that is related to
the positive phase of the Atlantic Multidecadal Oscillation (AMO), as described by
Enfield, Mestas-Nunez and Trimble (2001). They found that AMO warm phase flattened
the 500 Hpa geopotential height ridge-troughs in the northern tier, and has opposite effect
in the southern tier over United States. The rainfall after 1970 was characterized by high
interannual variability, and after 1990, a sequence of five years with values higher than
average followed by five years with values lower than average. Total rainfall has a slight
overall positive trend, and the Kendall’s Tau B test indicates this trend is statistically
significant (0.05 significance level), and similar to Karl and Knight (1998) and as
described in the IPCC- Special Report Chapter 8-(1996).
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TC rainfall accumulated by year is directly related to the number of storms
(based on the 500 km threshold), the duration of each storm, and the storm velocity. TC
rainfall time series present interannual variability (Figure 17c). TC rainfall anomalies of
the average normalized by the standard deviation and the five year moving average are
shown in Figure 17d. During the AMO (-), from the early 1970 until the middle 1990s,
TC rainfall was predominantly below average; however, 1985 was the year with
maximum SD (3.6). After 1995, TC rainfall was characterized by an above average
period with the second maximum occurring in 2004. The moving average showed a
positive trend after the middle 1990s, and the overall time series shows a slight positive
trend; however, that was not statistically significant.
The TC rainfall contribution to the total rainfall presents a high yearly
variation, from 2.5% in 1978 to 16% in 1985 (Figure 17e). The time series shows a
negative trend during the first half of the study period (1960-1984) and a positive trend
during the second half (1985-2007). Overall, the TC rainfall contribution has a slight
positive trend; however, it is not statistically significant.
Figure 17 displays a time series of the anomaly of the annual TC rainfall average volume
for United States and the five-year moving average. The time series shows an average of
107 km3 and a positive rate of 1.5 km3/yr. Kendall test results indicate that the trend is
not statistically significant. The TC rainfall consists of interdecadal and interannual
variations, also found by Ren et al. (2006). Figure 17a shows high yearly oscillation with
a positive trend after 1990s. The volume distribution shows 16 years with values above
average and 32 years with values below average, indicating a right skew to the
distribution (Figure 17b). However, 65% of those years with positive values occurred
after 1984, indicating that TCs are producing more volume of rainfall lately.
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The maximum of 405.8 km3 (3.6SD on Figure 17b) occurred in 1985 and the second
highest value occurred in 2005 with 313.7 km3 (2.6 SD on Figure 17b). The lowest TC
volume occurred in 1978 with 8.9 km3. The moving average followed the same positive
trend as found in the total TC rainfall.
Comparing TC area (Figure 17c) with TC rainfall volume shows that there is
no strong correlation. In some years, TCs travelled more distance covering a large area;
however, they did not produce an equivalent amount of rain. The year 1979 is an example
when TCs covered a large area with a corresponding small rainfall volume. After 1995,
TCs are becoming more frequent, producing larger volume and affecting larger.
El Niño Southern Oscillation (ENSO)
Table 3 shows results of the t-test comparing ENSO phases, positive and
negative, with TC variables. Results show that only Percentage_tc was statistically
significant at the 95% confidence level, hence the null hypothesis of equal variance is
rejected. However, the t-test for Percentage_tc under positive and negative ENSO
conditions is insignificant. Finally, the 95% confident intervals include zero, indicating
that the true difference between ENSO phases could be zero (right columns on Table 3).
The variable Number of Storms shows the lowest significant value (Sig= 0.095), higher
than 0.05, and the 95% confidence interval of the difference includes zero. Gray (1984)
pointed out that differences in TC frequency between ENSO phases is related to the
storm track, whereby during non-El Nino years, TC cross the Caribbean more frequently.
In conclusion, there is no ENSO impact with the amount of TC rainfall over U.S.
Atlantic Multidecadal Oscillation – AMO
Wendland (1977, p.477) wrote, "Frequency and intensity of tropical storms are
related to the magnitude and distribution of sea surface temperature (SST).” Recently,
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Nyberg et al. (2007) found that the increase in hurricane activity since 1995 could be
considered a return to normal TC activity when compared with other periods.
Table 2: t-test SPSS output comparing all variables with ENSO
Independent Samples Test
Equal variances assumed
Levene's Test for
Equality of Variances

F
Month_tot
TC_tot
Non_tc tot
Percentage_tc
VOLUME
AREA
Number of Storms

.671
1.930
.077
4.354
2.840
.222
.499

Sig.
.419
.174
.783
.045
.102
.641
.485

t-test for Equality of Means

t
-1.001
1.036
-1.620
1.287
1.569
.925
1.720

df
32
32
32
32
32
32
32

Sig. (2-tailed)
.324
.308
.115
.207
.126
.362
.095

Mean
Difference
-524.9373
247.9443
-772.8816
.0179
49.9669
128453.54
1.3958

Std. Error
Difference
524.15231
239.32204
477.10139
.01387
31.83848
138830.93
.81136

95% Confidence
Interval of the
Difference
Lower
Upper
-1592.60 542.72603
-239.539 735.42735
-1744.71 198.94213
-.01040
.04612
-14.88601 114.81971
-154336
411242.9
-.25684
3.04851

The AMO phases were tested against the suite of variables in Table 3. The
Levene’s test for equality of variances shows that all probability of significance values is
insignificant, hence the variances in warm and cold SST periods may be assumed equal.
Levene's test (Levene 1960) is used to test if k samples have equal variances and no
normal distribution. Equal variances across samples are called homogeneity of variance,
and the Levene test can be used to verify that assumption. The next step using the t-test
showed that Month_tot, TC_tot, VOLUME, and Percentage_tc presented values higher
than 0.05, concluding at 95% confident intervals that the true difference between AMO
phases could be zero. However, VOLUME has a close to significant value (0.054). NonTropical, AREA, and Number of Storms are found to have significantly different mean
values between AMO phases at the 95% confident intervals. There are a significant
differences in the values related to the AMO phase that cannot be attributed to variability
alone. The North Atlantic SST works as fuel to power TC by providing moist enthalpy
and instability (Elsner, 2006). That suggested the AMO positive phase could increase the
seasonal number of storms, large area covered by those storms, and affecting the non46

tropical rainfall. However, what is the relationship between AMO and TC rainfall
variables? The Kendall test was used to determine the possible correlations.
The Kendall’s Tau B (Table 5) test showed that AMO has a good correlation
with almost all variables. Month_tot showed a negative correlation with AMO however,
it was not statistically significant. TC_tot, and Percentage_tc showed a positive
correlation with AMO, however they were not statistically significant at the 95%
confidence level. The variables related to TC rainfall: VOLUME, Number of Storms and
AREA have positive correlation with AMO at the 99% significance level.
In conclusion, ENSO and AMO phases play different roles in relation to TC
rainfall contribution in the U.S. ENSO has a strong signal in relation to the number of
storms, but there is not a statistically significant signal in the amount of TC rainfall. That
is explained by the effect of ENSO positive phase in increasing the upper-atmosphere
windshear over the Gulf region. On other hand, AMO presents a statistically significant
level of correlation with all variables related to TC rainfall in the Eastern United States.
Warmer SST is one of the factors to induce TC activity and frequency, resulting in
increasing inland TC rainfall.
Table 3: t-test comparing all variables with AMO (+) with AMO (-)
Independent Samples Test
Equal variances assumed
Levene's Test for
Equality of Variances

Month_tot
TC_tot
Non_tc tot
Percentage_tc
VOLUME
AREA
Number of
Storms

t-test for Equality of Means

F
.099
.012
.006
.023
.560
.781

Sig.
.754
.914
.939
.880
.458
.381

t
-1.498
1.350
-2.391
1.630
1.979
2.181

1.268

.266

2.255

df
46
46
46
46
46
46

Sig. (2-tailed)
.141
.184
.021
.110
.054
.034

46

.029
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Mean
Difference
-643.9187
267.0116
-910.9304
.0189
51.1800
274762.50

Std. Error
Difference
429.93880
197.83145
381.05200
.01157
25.86421
125981.56

1.5214

.67471

85% Confidence
Interval of the
Difference
Lower
Upper
-1273.34 -14.49660
-22.60979 556.63308
-1468.78 -353.078
.00192
.03580
13.31530 89.04472
90327.93 459197.1
.53367

2.50919

SUMMARY
In this study, TC rainfall for 717 weather stations in the eastern United States,
from 1960 until 2007, was studied comparing tropical-induced rainfall with major climate
factors. The geographic distribution TC rainfall displays a pattern where coastal regions
receive more TC rainfall when compared with inland regions. Florida and the North
Carolina coast receive the highest values with an average of TC rainfall between 14 and
16 cm. However, TC rainfall shows a different pattern related to the overall rainfall
contribution. TC rainfall in southern Texas and the North Carolina coast represents an
average of 14-16% related to the total rainfall received in those regions between June and
November.
TC rainfall shows high annual and multidecadal variability affecting the
number of stations, the area covered by that rainfall, and the TC rainfall volume.
However, the number of stations averaged by the number of storms per year showed
highly annual variability with a slight negative trend. The total rainfall accumulated by
year showed a dry period (1960s-1970s) followed by interannual oscillations between dry
and wet periods. Overall, the total rainfall in the eastern U.S. exhibits a significant
positive trend, which is in agreement with Karl and Knight (1998).
TC rainfall, during 1960-2007, presents high interannual variability and that is related to
the frequency of tropical storms, intensity, and duration of those storms (number of storm
days). The time series shows a significant (99% of significance) negative trend from
the1960s until the middle of the 1980s and a positive trend (non-significant) from the
middle of 1980 until 2007. TC frequency can be related to ENSO phases where the warm
phase (El Niño) has a negative correlation. However, the cold and negative phases did not
show any statistical correlation with TC frequency. On the other hand, AMO showed a
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strong correlation (95% significant level) with volume produced by TC rainfall and the
number of storms. The AMO phases have a negative correlation with non-tropical rainfall
and monthly rainfall however is not statistically significant at 95% confidence level.
Table 4: Kendall’s Tau B test of correlation results: Correlations between AMO phase
and all variables. Bold numbers represent statically significant correlations at 99%
confidence level.
Correlations

AMO (JAN_DEC)
Month_tot

TC_tot

Non_tc tot
Kendall's tau_b
Percentage_tc

Sig. (2-tailed)

-0.138
0.166

Correlation Coefficient

0.186

Sig. (2-tailed)

0.062

Correlation Coefficient

Correlation Coefficient
Sig. (2-tailed)

0.053

Correlation Coefficient

0.183
0.067

Sig. (2-tailed)

Number of Storms

Correlation Coefficient
Sig. (2-tailed)

VOLUME

-0.193

Correlation Coefficient
Sig. (2-tailed)

* Correlation is significant at the .05 level (2-tailed).
** Correlation is significant at the .01 level (2-tailed).
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.310(**)
0.004
.261(**)
0.009

IV VARIABILITY OF RAINFALL FROM TROPICAL CYCLONES
IN EAST UNITED STATES AND ITS RELATION WITH AMO AND
ENSO
INTRODUCTION
Tropical Cyclone (TC) is the generic term that includes tropical depressions,
tropical storms, and hurricanes. They are one of the most powerful of nature’s
phenomena and can produce catastrophic social, economic and ecological impacts. Over
time the United States coastline is becoming more vulnerable to TC due to increasing
population, beach erosion, and coastal subsidence (Blake et al. 2007). Extreme rainfall
brings added hazards by producing flooding and mudslides, and compromises water
quality (Cry, 1967). Emmanuel (2005, p191) pointed out “Some of the highest hurricane
death tolls result from inland flooding….”A National Hurricane Center – NHC - study,
from 1970 to 1999, showed that 59% of U.S. TC deaths were caused by freshwater
flooding inland (Figure ).
Rain associated with TCs can vary from a light drizzle to an extreme deluge
(Glenson, 2006). Over a day or more, a single station can accumulate 50% to 100% of its
mean annual precipitation (Simpson and Riehl, 1981, p. 17). TCs can produce rainfall for
hundreds of kilometers from their storm centers and can propagate for hundreds of miles
inland (Larson et al. 2005). TC rainfall resulting from storms with high wind speeds can
also be misleading because much of the rain gets blown horizontally and does not enter
the gauge properly (Emmanuel 2005, 182).
Tropical Cyclonic activity in the North Atlantic exhibits variability from
interannual to interdecadal timescales (Landsea et al., 1999, Gray, 2006). TCs are
affected by factors at different scales that affect the seasonality, number and intensity of
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TC (Mo, 2000). For example, TC seasonality is associated with the seasonal cycle of SST
with the tropical rainfall season extending from June-November (Cry, 1967), peaking in
early September. During El Niño (ENSO positive - warm events), generally, there are
twice as many storms as during La Nina (ENSO negative - cold phase) events (Bove, et
al. 1998).
Tornado
4%

Other
2%

Surge
1%

Ofshore
11%
Surf
11%
Freshwater
Flooding
59%

Wind
12%

Figure 19 : Leading causes of TC deaths in the U.S. 1979-1999. Source NHC, 2007.
The ENSO positive phase causes an abnormally strong upper tropospheric
westerly winds (easterly flow is more typical) over the equatorial West Atlantic and the
Caribbean region (Gray 1984). That abnormal wind flow intensifies the wind shear over
the TC formation region, affecting TC formation, intensity and path. However, TCs’
genesis depends on other environmental factors such as the Coriolis parameter, low-level
relative vorticity, weak vertical shear of horizontal winds, etc (Gray 2006).
The North Atlantic Basin also shows a multidecadal oscillation between cold
and warm phases, known as the Atlantic Multidecadal Oscillation or AMO. Goldenberg
et al. (2001) identify an AMO warm phase from 1944-1970 which had an average of 2.7
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major hurricanes; this is higher than 1971-1994 AMO cold phase with an average of 1.5
major hurricanes. However, what is not known is how these indices affect tropical
rainfall over Eastern U.S.
Over the 157 year HURDAT dataset (1851-2006), a typical season averages
8.7 tropical storms with 5.3 storms reaching hurricane strength (winds at least 33 ms-1),
and less than two becoming major hurricanes, Category 3, 4, and 5 on the Saffir-Simpson
scale (Blake et al. 2007). TC damage is estimated based on the maximum wind speed and
storm surge, but not on heavy rainfall, as defined by the Saffir-Simpson Hurricane Scale
(SSHS) Table 1 (Simpson and Riehl 1981).
Table 5: Saffir-Simpson Hurricane Scale (SSHS), modified from Simpson and
Riehl (1981)

Winds
(Mph)

Central Pressure
(Millibars)

Surge (Feet)

1

74-95

> 979

4 to 5

2

96-110

965-979

6 to 8

3

111-130

945-964

9 to 12

4

131-155

920-944

13 to 18

5

> 155

< 920

> 18

Category

The objectives of this paper are threefold:
1. Compare the number of TC days along the U.S. coast in two periods (1931-1960
and 1961-2007), and assess the influences of ENSO and AMO;
2. Analyze monthly and seasonal distribution of major storms (>=cat 3 on SSHS) by
station and determine their geographical variability (1960-2007);
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3. Analyze TC rainfall trends during the 1960-2007 periods and their correlation
with ENSO and AMO.
DATA
Rainfall data were extracted from monthly rainfall observations from the
United States Historical Climatology Network Monthly Precipitation and Temperature
Data -USHCN from1960 to 2007(Williams, et al. 2007). This dataset contains 1221 highquality stations from the U.S. Cooperative Observing Network within the 48 contiguous
United States, and has undergone extensive quality assurance checks and includes only
the most reliable and unbiased long-term records. Daily precipitation was updated for the
same stations through the Southern Regional Climate Center (SRCC) Applied Climate
Information System (ACIS). All weather stations were plotted by month and clipped by
the storm’s buffer region using ArcMap 9.2. Figure 20 provides an example of the
clipped stations that feel under the 500 Km buffer for all storms during the study period.
Resulting in 717 stations was selected from 34 states. However, despite the fact that the
states of New Mexico, Colorado, and Nebraska were within the storm buffer, they were
not included on this study because TC rainfall contribution are less than 1% of the total
precipitation.
TC-related precipitation was considered as any precipitation produced by
hurricanes and tropical storms with landfall or if the storms come within 500 km of shore.
Tracks were included as long as the HURDAT dataset maintained it as “tropical,” as
many TC transform into extratropical systems makings landfall (Keim et al. 2004). Once
a storm becomes extratropical, the dynamics within the storm changes, hence the rain
produced is no longer considered “tropical”. For that reason, tropical storms after
becoming extratropical or subtropical systems were excluded from analysis.
Rainfall was divided into two subsets; one with the accumulated TC daily rainfall for
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each month called Tropical Rainfall (TR) and the other, the difference between TR and
the monthly precipitation Non-Tropical Rainfall (NTR), as performed by (Cry 1967). As
noted, once a storm becomes extratropical, it is classified as NTR. In addition, rainfall
produced by subtropical storms is also classified as NTR.

Figure 20 : Buffer of all storm 500 km from 1960-2007 (red area). Dark dots represent
the 717 stations included in this study.
METHODS
Several studies used different methods to define the distance at which a TC
could produce tropical rain from the storm center. Cry (1967) used surface weather maps
and found that TC rainfall could extend over 800 km from the storm center. Recently Ren,
et al. (2002) used a numerical technique based on the structure of the precipitation
distribution to study the TC rainfall contribution in China. In this study, a TC center
distance technique was used based on average TC size and the distance between rain
bands from the station. Glenson (2006) used a simple partition method to consider
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rainfall associated with TCs, considering any rainfall within distances less than or equal
to 600 km from the center of the storm as tropical cyclone rainfall. Knight and Davis
(2007) based their study on all rainfall data associated with the tropical storm, even after
becoming extratropical or associating with a frontal system. This approach could have
overestimated the contribution of TC rainfall in the monthly totals.
Using guidance from these other papers, this paper considered all rain within
500 km from the center of the storms as that caused by the TC. The 500-km criterion is
an operational definition to reduce the influences of other meteorological systems. TC
landfall is defined as any TC center within 500 km from the coast. Figure 21 show
examples of clipped stations under the 500 Km buffer, where Hurricane Camille in 1969
is shown with the area identified as under the influence of tropical rainfall, the USHCN
stations within this area, and the storm classification (Saffir-Simpson).
RESULTS AND DISCUSSION
Storm Days
Storm days (SDs) were based on the hurricane day concept as defined by
(Klotzbach and Gray 2008, p6): “A measure of hurricane activity, one unit of which
occurs as four 6-hour periods during which a tropical cyclone is observed or estimated to
have hurricane intensity winds.” SDs measures the number of the days of each TC center
that either crossed, or came within 500 km of the coast of the United States (only Atlantic
Basin storms). A SD could have at the same time one or more storms, but is its count as
one SD. Figure 22 shows the number of SD by year whereby, the dashed red line
represents the 5-year moving average. The moving average shows a negative trend from
the 1960s to 1990s with a positive trend in 1970s, and a positive trend from 1990 to 2007.
The years of 1933 and 2005, the most active years in the entire Atlantic Basin, showed
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the highest value during the study period 51 SDs and 43 SDs respectively, followed by
1936 and 1947 with 33 SDs each one. The period shows an average of 16.4 SDs per year.
The first 30 years averaged 21 SDs, higher than the follow 48 years, with an average of
just 14 SDs. The period from 1931 to 1960 represents the period examined by Cry (1967).
Landsea et al. (1999) determined the period before 1944 as unreliable, whereby the data
become more complete afterward due to use of reconnaissance aircraft. They pointed out
that observation systems could bias the number of tropical cyclones (TCs).

a

Figure 21: Hurricane Camille track (solid line) with the 500 Km buffer (shadow area).
Dark dots represent the stations under the TC rain shadow, and the light dots represent
stations in the study not affected by Camille.
Before 1940, primary surface stations and ships observed TCs. Reconnaissance
aircraft then collected data beginning in the mid-40s. After the 1960s, meteorological
satellites were used to observe TCs (Henderson-Sellers, et al. 1998, Landsea, et al. 1999).
The changes in observational platforms might explain part of the variations in the number
of SDs between periods. However, Landsea (2007) argues that the number of TC before
1944 could have some differences in the open Atlantic region, though these differences
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are probably minimal for landfalling storms. The 30-year period (1931-1960) presents a
closer number of SD compared with the 47-year period (1961-2007), 619 SDs and 642
SDs respectively.
Figure 23 compare the monthly averages of the total SDs between 1931-1960
and 1961-2007 periods. The first period presents higher average monthly SDs than the
second period; August has the highest difference of 2.4 SDs on average. These results
indicate that the period of 1931-1960 had relatively more storms making landfall or
coming within 500 km of the U.S. coast than 1961-2007.
The SDs difference between periods can be explained by the ENSO and
AMO phases combined. Figure 24 shows the SDs departure from the overall average, the
phase, ENSO (+) events, and AMO. During all 1931-1960 period, AMO was in the
positive phase and had three ENSO (+) events. SD showed no great difference between
positive and negative anomalies; however, the positive cases presented higher values
compared to the negative anomalies. After 1964, AMO started the cold phase until 1993,
when it returned to the warm phase. This latter period was characterized by 12 ENSO (+)
phase years, where 1982-1983 is considered the strongest ever registered, followed by the
second strongest event in 1997-1998. The combination of AMO and ENSO conditions
caused the number of positive SD anomalies to be almost half of the negative SD
anomalies, which explained why 1931-1960 showed more SD than 1961-2007.
To understand daily variations of SDs in both periods we accumulated SDs by
day, from 1931-1960 and from1961-2007, with results shown in Figure 25 for the
duration of hurricane season (June 1 to November 30).
•

1931-1960
The number of SDs in June is characterized by a bi-modal cycle. One
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maximum occurred on the first half of the moth and a second one on the end of the month.
Overall, June showed higher values of SDs on the first period compared with the second
one. July also presents a bi-modal frequency of SDs in Figure 25a, with a positive trend
toward the end of the month. August showed lower values on the fifth with three SDs,
and the highest overall value at 12 SD on the 29th. September presents high values at the
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Figure 22: Storm days from 1931 to 2007, 5-year moving average (bold line), and dashed
line marking the year of 1960, that represents the end of Cry (1967) study period.
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Figure 23: Monthly storms days from 1931-1960 and 1961-2007.
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beginning and the end of the month. October shows another bi-modal cycle with two
maxima, one on day 4 and other on day 12.
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Figure 24: SD anomalies from 1931-2007 (blue bars positive values, and with bars
negative values), AMO 10-year moving average (line), and ENSO (+) phase (red bars).
The dark red bars represent the strongest ENSO (+) events.
At the end of the season, fewer storms get close to the U.S. coast. This period shows
November with more storms at the beginning of the month. The period from June 1 to
November 30 has 32 days with zero SDs, and that represents 17.7% of the total number
of days.
•

1960-2007
SDs in June is characterized by two periods of TC activity, one more number

of SD in the first half of the month and the second at the last half of the month (Figure
24b). July presents more SDs compared with the previous month with a slight positive
trend towards to the end of month.
August presents three maximum values (11 SDS) in Figure 25b, August 16,
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28th and 31st respectively. This month is characterized by periods of high TC activity
with less activity, and with a positive trend towards to the end of month. On Figure 25b,
September has the highest overall value for a single day 16 SDs on the 11th and a
significant decrease of the number of SDs after that. In general, October presents a
negative trend from the beginning to the end of the month with the maximum values
occurring in the middle of the month. November show two periods with SDS; one at the
beginning of the month ad a second at the middle of the month
Overall, both periods showed an increase of SDs from June to September and a
decrease from September to November, however, the first period showed more variation
between higher and lower values, a rollercoaster shape. The second period, from 1961 to
2007 showed fewer SDs at the beginning and the end of the season, but with higher
values occurring on September while the first period showed the higher value of SDs in
August.
SDs is affected by the number of storms and duration of each one. In order to
compare the two study periods, each day of the first period was divided by 30 and the
second period by 47, then the second period was subtract by the first period (Figure 26).
Overall, the averaged SDs difference showed that the first period had more days with SD
occurrences compared with the second period. September 9 to 11th showed highest
difference in SD in 1961-2007 compared with 1931-1960. Another relevant fact is that
during 1931-1960, November had more SD on the first half of the month and,
1961-2007 presented more SD in the second half.
Spatial and Temporal Variation of Major Storms
Major tropical storms (MS, category 3-5) are classified at the Saffir-Simpson
Hurricane Scale (SSHS) as storms with sustained winds equals or higher than 114 kt.
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These storms often have storm surges of three meters or more (Blake et al. 2007). Figure
27 shows the monthly frequency of major storms on the United States Atlantic coast from
1960-2007. The percentage represents the frequency of each station was within 500 km
from the center of a major tropical storm in relation of the total major storms. MS affect
only the Florida coastal stations during June; July has also a frequency of 2-5%, though
the area affected is larger and is concentrated along the Gulf Coast totaling only 2-5%.
However, during July, those storms travel further inland, affecting stations in north
Mississippi and Alabama. August presented a considerable increase in the number of
stations and the frequency of MS. Texas, Louisiana, south Florida, and North Carolina
show a frequency of MS from 8-10%. The storm path during this month split
geographically: to the west from Alabama to Texas, along the East Coast from South
Carolina to New Jersey, leaving Georgia with only few stations impacted by MS rainfall
which an area with very few landfalls ( Keim et al. 2006). September has the highest
number of stations and the highest frequency of MS.
This month presents MS more frequently along the Gulf of Mexico, including Louisiana,
Mississippi, and west Florida with 19-21% of all MS. The region from Virginia to Maine
is not much affected by MS, showing a lower frequency of 2-5% only. During October,
MS show a higher frequency in Louisiana, Mississippi and south Alabama, 6-7%.
November shows a pattern similar to June and July, stations from eastern Florida to south
Louisiana receive 2-5% of MS.
Seasonally, from June to November, MS presents a higher frequency of
storms in the Gulf of Mexico coast stations, decreasing rapidly inland and northeastward
(Figure 27). During the period of 1960-2007 stations in western Florida, south Louisiana,
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Figure 26: Normalized SDs difference between 1931-1960 and 1961-2007 periods
(Average from 1931-1960 minus average from 1961-2007).
south Mississippi and Alabama received 26-38% of MS. In Texas, south stations showed
a higher frequency of MS than other stations within the state at 22-25% of MS. The coast
of North Carolina has enhanced frequency of MS than the surrounding region at 22-25%.
It is well known that MS do not generally travel further north, as they lose their main
energy source in that region; warm water. However, some MSs reach latitudes north of
40° North during the season. Coastal stations north of Virginia receive at most 7% of MS.
As shown in
Figure 28, the Gulf region demonstrates higher frequencies of MS than other U.S. region.
Nevertheless, what does this mean in term of risk? This question can be answered by the
MS anomaly for each station. The MS anomaly was calculated by subtracting the
accumulated number of MS during 1960-2007 for each station from the total average of
MS, and dividing by the overall standard deviation of MS. Simple Kriging was used to
interpolate the results and create the MS anomaly surface (Figure 29). The results show
63

that region from Florida to North Carolina, and south Louisiana presented more than two
standard deviations of MS. The MS anomaly surface shows a second region with high
risk of MS, from Texas to Massachusetts, with 1-2 standard deviations. Florida and
Louisiana are more affected by MS than other regions and note that the number of SD has
been increasing since 1990. However, are those TC producing more rainfall over U.S.
and what is the contribution of major climate factor such as ENSO and AMO are related
with that rainfall? The next two topics will address those questions.
TC Rainfall Trend
The temporal trends of tropical cyclone rainfall were examined during the
hurricane season (June-November; Figure 30). Globally, precipitation over land has
increased during the twentieth century (New, et al. 2001). More specifically, Knight and
Davis (2007) found an increase in TC rainfall from 1980 to 2004. However, that increase
in TC rainfall can be related to an increase in TC activity from 1995 to 2000. To filter the
multidecadal oscillation, a long period was used on this study, from 1960-2007. The
Kendall Tau-B test indicates that only 30 of 717 stations have a positive trend (α=0.05)
and 10 stations showed a negative trend at the same significance level. There are four
distinct regions with an increase in TC rainfall: 1) Virginia, Maryland and Delaware, 2)
Florida, Georgia, Alabama, Mississippi, and Louisiana, 3) south Texas, and 4) New
England. These results showed some significant differences with Curtis (2007) findings.
He founded that central Georgia showed a positive trend in the rainfall mean (tropical and
non-tropical) and this study found mixed trends in TC rainfall. Another difference
occurred in Florida and the Northeast U.S., where this study founded a positive trend in
TC rainfall while Curtis (2007) showed no significant trend in mean and extreme values
in those regions. However, Curtis (2007) did not separate TC from Non-TC rainfall; he
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assumed the most precipitation from August to October is produced by tropical systems,
and that could be the reason of those differences. However, he found an increase in
extreme rainfall events in Louisiana, Mississippi, and Alabama, and that can be attributed
to TC rainfall, similar to that shown in Figure 30.
This pattern suggested that TCs are producing more rainfall at Gulf coast stations as
result of the increase of TC activity/intensity in recent years. In the Mid-Atlantic region,
the positive and negative trends could be related to not only storm tracks and intensity,
but also by regional geographic features.
TC Rainfall and Teleconnections
TC rainfall is characterized by interannual and interdecadal variability. Those
variations can be related to climate teleconnections such as ENSO and AMO (Landsea, et
al. 1999, Gray 2006). Various studies investigated the potential effect of long-term global
warming in the Atlantic SST and the correlations with the number and strength of TC.
TC seasonality associated with the maximum SST peaks during the late summer.
Tonkin et al. (1997) argued the importance of a SST greater than 26ºC threshold in TC
formation and concluded no clear trends in TC intensity above 28ºC were evident.
Landsea et al. (1999) point out that the discrepancy between interannual and interdecadal
TC activity with the SST in the North Atlantic Basin may be explained by the
interactions of the SSTs with other environmental controls such as El Niño Southern
Oscillation (ENSO ). However, ENSO has influence on TC activity by an anomalous
increase in upper tropospheric westerly winds over the Caribbean basin and the equatorial
Atlantic (Gray 1984). Those anomalous winds, as described by Gray, increase the
tropospheric vertical wind shear creating an unfavorable environment for TC
development and maintenance. Are the AMO and ENSO teleconnections related to TC
65

rainfall in the east United States? To answer this question, a Kendall Tau-B test was used
to correlate TC rainfall with AMO and ENSO phases during the period of 1960-2007.
Results showed three distinct regions with high positive correlation between annual TC
rainfall and AMO (+) phase (Figure 31): one from Georgia to Maine and other in Texas
with a positive correlation with the AMO (+).This spatial pattern is roughly consistent
with Curtis (2007). That suggests stations along the U.S. east coast have been more
affected by TC rainfall during AMO (+) than stations on the Gulf Coast. From Florida to
Louisiana there was no association found with AMO, even though that region was
affected by MS during the study period, only one station in Louisiana and one in north
Mississippi presented a positive correlation with AMO.
However, Curtis (2007) showed a positive correlation with AMO (+) in Florida while this
study found no correlation with TC rainfall and AMO. That suggests the non-TC rainfall
may be related to AMO (+) in south Florida. Comparison between Figure 29 (TC rainfall
trend) and Figure 30 (AMO correlation showed a similar pattern. That suggested an
increase in TC rainfall is correlated to the AMO positive phase.
On other hand, ENSO presented a different TC rainfall impact. Texas has the
majority of stations with some correlation between TC rainfall and ENSO. Only one
station in Pennsylvania is correlated with El Niño at 95% confidence level (Figure 32).
El Niño showed a negative correlation with TC rainfall and positive correlation with
La Niña at the 95% of confidence level.
SUMMARY
In this study, TC rainfall of 717 weather stations in eastern United States from
1960-2007 from U.S. Historical Climatology Network (USHCN) were analyzed with a
special focus on the long term trends and correlations with major climate events (AMO
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and ENSO). Rainfall was considered as tropical based on a circle of 500 km from the
center of each storm. Storms tracks based on the HURDAT dataset from 1931-2007 was
used to compare the number of accumulated storm days in that period.

Figure 27: Major Storm frequencies spatial distribution from June to November during
the study period of 1960-2007.
Only hurricanes and tropical storms were considered on this study. Once a
storm becomes extratropical, the dynamics within the storm changes, hence the rain
produced is no longer considered “tropical”. For that reason, tropical storms after
becoming extratropical or subtropical systems were excluded from analysis. TC was
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considered “landfalling” storm when it is center came within 500 km of the U.S. coast,
landfalling storm, creating Storm Day (SD) value. A SD could have one or more storms
at the same time within the study region.
Tropical storm data and counts before 1960 are considered unreliable, as
pointed out by Landsea et al. (2007). He argues that before the reconnaissance aircraft in
1944 some storms could be not accounted for. However, with the landfall 500 km criteria,
there is a great chance that these storms would be account on this study. The period of
1931-1960 showed a higher number of SDs compared to 1961-2007. A positive AMO
phase and few ENSO (+) events combined to allow more storms to the affect U.S. coast.
During the AMO (-) phase (1960s to 1990s) most of the years have SDs below average,
and after 1990s, with the return of the AMO (+), SDs become positive again.
SDs accumulated by day during 1931-1960 and 1961-2007 showed different
patterns. The first period was characterized by having August with the maximum SD and
September and October with a bimodal distribution. The second period showed August
with a bimodal phase and September with the highest number of SD.
There is a clear shift in the SDs between those periods, with more SDs from 19311960 during the beginning of the season (June) and in the middle of the season
(September), whereby they account later in the season from 1961-2007. This concept was
applied to count how many days the study region had major storms, as defined by SSHS,
have winds equal to or higher than 111mph and can produce extensive damage on coastal
regions (Blake et al. 2007). Black et al. (2007) founded that between 1966 and 2006
major storms had an average of 2.3 storms per year. Major storms recorded during the
1960-2007 period shows a geographical shift during the hurricane season. They affect
Gulf Coast stations at the beginning of the season (June and July), expanding to the U.S.
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east coast in August and September, and returning to the Gulf in October and November.
Overall, east Florida, Louisiana, Mississippi, and south Alabama receives the highest
frequency of MS during the study period (31 -38% of all storms).MS frequency decrease
towards inland and over the NE U.S. coast, with less than 7% of total storms based on the
500 km criteria. The spatial distribution of the MS anomalies shows two regions with
high frequency of MS during the study period (two standard deviation or higher): South
Louisiana and from Florida to coastal North Carolina. Many studies show that inland
rainfall has an increase during the last century. However, some regions showed negative
trends as pointed out by New et al. (2001). They pointed out that ENSO represents the
dominant global and hemispheric variability, with strong signals in the tropics and extratropics, with strong influence over the southern and Midwest United States; This study
separated TC rainfall from the non-tropical rainfall, and founded that several stations in
the Gulf of Mexico and in the NE United States showed a positive annual trend (95%
confident level). The first region is similar to the extreme precipitation region as founded
by Curtis (2008); however, he
TC rainfall was tested with AMO and ENSO phases. Our results showed that
AMO (+) has a strong positive correlation (95% confident level) with TC rainfall over the
United States east coast and in south Texas. This result, in general, is similar to Curtis’
(2008) findings. Nevertheless, there are some significant differences with Curtis (2007)
findings. He founded that central Georgia showed a positive trend in the rainfall mean
(tropical and non-tropical) and this study found mixed trends in TC rainfall. Another
difference occurred in Florida and the Northeast U.S., where this study founded a positive
trend in TC rainfall while Curtis (2007) showed no significant trend in mean and extreme
values in those regions.
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Finally, associations were tested between TC rainfall and ENSO phases.
Results showed that only Texas stations had strong correlations with ENSO phases.
ENSO (+) -El Niño - contributes negatively to the Texas TC rainfall and ENSO (-) -La
Niña - contributes positively. In conclusion, an increase in TC rainfall over the region
from Louisiana to Florida can be linked to the frequency of MS during the study region
with no correlation with AMO or ENSO.
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Figure 28: Seasonal frequency of major storms (1960 to 2007) by weather stations.

2<

Figure 29: Spatial distribution of the major storms anomalies during the period of 1960 to
2007. The red region represents the area with the highest frequency of MS compared with
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Figure 30: Yearly change in TC rainfall at each station from 1960-2007. Red triangle
represents stations where the trend is positive and significant at α=0.05. Blue circles
indicate stations with a decrease in TC rainfall significant at α=0.05. Dotted points
represent stations with no significant trend.

Figure 31: Correlation (95% of confident level) between TC rainfall and AMO. Red
circles represent a positive correlation with AMO blue circles negative correlation with
AMO.
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Figure 32: Correlation (95% of confidence level) between TC rainfall and Niño 3.4
annual average. Red circles represents negative correlation at α=0.05.
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V CONCLUDING REMARKS
This chapter summarizes the major objectives and conclusions of this research
project. Chapters II to IV each represents a paper being prepared for submission to
international scientific journals for publication. The three primary objectives of this
dissertation were:
1. Study the TC rainfall contribution to the total rainfall by month and season (June
to November) from 1960 to 2007 and compare with previous studies.
2. Assess trends in total volume and area of TC rainfall in the Eastern United States
and related to ENSO and AMO.
3. Asses the impacts of ENSO and AMO on the geographical variability of TC
rainfall as well as to assess spatial variability in temporal trends.
After summarizing the data methods, I will provide a brief synopsis of each
chapter and its conclusion.
DATA AND METHODS
The data and methods, for the most part, are relevant to each of the three
analysis chapters. This research used data from the HURDAT dataset, including the track
and the intensity of each storm from 1931-2007 (Jarniven, Neumann and Davis 1984),
and rainfall data extracted from monthly rainfall observations from the United States
Historical Climatology Network Monthly Precipitation and Temperature Data -USHCN
(Williams et al., 2007). In addition, daily precipitation was updated for the same stations
through the Southern Regional Climate Center (SRCC) Applied Climate Information
System (ACIS). TC-related precipitation was considered any precipitation produced by
hurricanes and tropical storms for all storms making landfall in the Eastern U.S., and for
all storms that where within an offshore distance of 500 km.
Based on this storm characteristic, 717 weather stations were selected from 34 states.
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The ENSO index used in this study was obtained from the Japan
Meteorological Agency (JMA). The AMO dataset was obtained from the National
Oceanic and Atmospheric Administration (NOAA) Earth System Research
Laboratory/Physical Science Laboratory. Note that AMO phases were classified by year
as positive or negative based on the six months (June-November) moving average. ENSO
was classified by the year of occurrence and the phase (positive, neutral and negative).
This study frames the definition of TC rainfall based on the general question: what
distance from the center of a TC can observed rainfall be accurately associated with that
storm? This dissertation used a radius of a 500 km (310 miles) centered on each storm
track, based on the HURDAT dataset, to select the weather stations; the TC precipitation
was assumed symmetric around the storm center.
Objective One
The first objective was to determine the contribution of TCs to JuneNovember rainfall in the Eastern United States. The period of 1960-2007 has 287
hurricanes and 219 tropical storms, however, only 50 hurricanes and 104 tropical storms
have made landfall, as defined by the National Hurricane Center, in the Eastern U.S.
between June and November. In addition, 76 TCs were included in this study that tracked
within the 500 km threshold to shore bringing the total number of storms included in this
study to 220 with an average of 4.6 storms per year. The study period displays annual
represents 62% of all hurricane and tropical storm landfalls in the United States.
Storm days (SDs) represents the number of days that have one or more tropical
storms landfall or within 500-km from the U.S. coast. The five-year moving average
shows a negative trend from the 1970s to the early 1990s and a positive trend after that.
September has the highest seasonal SD percentage at 45%.
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Storm track density represents the density of linear features in the
neighborhood of each output raster cell. Each month during the Atlantic hurricane season
(June to November) was compared between two periods, 1931-1960 and 1960-2007.
Overall the storm track density showed an intraseasonal variability and a slight shift in
the high density eastward from 1931-1960 to 1960-2007 period.
TC rainfall contribution over Eastern United States presents interannual and
intraseasonal variability. Seasonally (June to November), Florida receives the maximum
amount of TC rainfall with 14-16 cm, decreasing further inland. TC rainfall percentages
change geographically from June to November. The same pattern was found by Cry
(1967) and Knight & Davis (2007). November receives the least amount of TC rainfall,
and September the highest. In September, North Carolina, Virginia, and South Alabama
present more than 30% of TC rainfall contribution. After September, the number of
storms begins to decrease and fewer storms produce inland rainfall.
Objective Two
The focus of the Chapter III was to analyze the possible relationship of TC
rainfall with climate indices such as ENSO and AMO, and identify if there are any trends
in the amount of TC rainfall between 1960 and 2007. Chapter III showed that averaging
the number of stations by the number of storms per year presented great annual
variability with a slight negative trend through time. The total rainfall accumulated by
year during 1960-2007 showed a dry period (1960s-1970s) followed by interannual
oscillations between dry and wet periods. Overall, the total rainfall in the eastern U.S.
presents a significant positive trend, which is in agreement with Karl and Knight (1998)
from 1910-1996. TC rainfall from 1960-2007, presented high interannual variability and
that is related to the frequency of tropical storms, intensity, and duration of those storms
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(number of storm days). The time series of U.S. landfalls shows a significant (99% of
significance) negative trend from the1960s until the middle of the 1980s and a positive
trend (non-significant) from the middle of the 1980 until 2007. TC frequency can be
related to ENSO phases where the warm phase (El Niño) has a negative correlation.
However, the cold and negative phases did not show any statistical correlation with TC
frequency of TC landfalls. On the other hand, AMO showed a strong correlation (95%
significant level) with TC rainfall. The AMO phases (positive and negative) have a strong
correlation with TC rainfall.
Objective Three
The primary objective of Chapter IV was to asses the impacts of the ENSO and
AMO on TC-induced rainfall totals at the individual station level. The period of 19311960 showed a higher number of SDs compared to 1961-2007. The combination of
positive AMO phase and few El Niño events during 1931-1960 allowed more storms to
affect U.S. coast. During the AMO (-) phase (1960s to 1990s) most of the years have SDs
below average, and after 1990s, with the return of the AMO (+), SDs become positive
again. Accumulated SDs by day during 1931-1960 and 1961-2007 showed different
patterns. The first period was characterized by having August with the maximum SD and
September and October with a bimodal distribution. The second period showed August
with a bimodal phase and September with the highest number of SD. There is a clear shift
in the SDs between those periods, with more SDs from 1931-1960 during the beginning
of the season (June) and in the middle of the season (September), whereby they account
later in the season from 1961-2007.Major storms (Cat 3-5) recorded during the 19602007 period shows a geographical shift during the hurricane season. They affect Gulf
Coast stations at the beginning of the season (June and July), expanding to the U.S. East
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Coast in August and September, and returning to the Gulf in October and November.
Overall, east Florida, Louisiana, Mississippi, and south Alabama receives the highest
frequency of major storms (MS) during the study period (31 -38% of all storms). MS
frequency decreases inland and toward the NE U.S. coast, with less than 7% of total
storms. The spatial distribution of the MS anomalies shows two regions with high
frequency of MS during the study period (two standard deviation or higher); South
Louisiana and from Florida to coastal North Carolina.
The last part of Chapter IV was focused on the relationship of TC rainfall time
series and teleconnections. TC rainfall was separated from the non-tropical rainfall, and
founded that several stations in the Gulf of Mexico and in the NE United States showed a
positive annual trend (95% confident level). The first region is similar to the extreme
precipitation region as founded by Curtis (2008); however, he founded no significant
trend over the NE United States.
TC rainfall was tested with AMO and ENSO phases. There results showed that
AMO (+) has a strong positive correlation (95% confident level) with TC rainfall over the
United States east coast and in south Texas. This result, in general, is similar to Curtis’
(2008) findings. However, Florida did not show any TC rainfall correlation with AMO,
as founded by Curtis (2008). That suggests that non-tropical rainfall has a strong AMO
correlation in Florida, since Curtis (2008) assumed that most rainfall occurring from
August to October is caused by TC.
Finally, associations were tested between TC rainfall and ENSO phases.
Results showed that only Texas stations had strong correlations with ENSO phases.
ENSO (+) -El Niño - contributes negatively to the Texas TC rainfall and ENSO (-) -La
Niña - contributes positively. In conclusion, an increase in TC rainfall over the region
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from Louisiana to Florida is caused by the frequency of MS during the study region with
no correlation with AMO or ENSO.
SIGNIFICANCE OF FINDINGS
Rainfall produced by tropical storms could extend for hundreds of kilometers
from their centers causing property damage, flooding, and mudslides in some regions
(Larson, Zhou and Higgins 2005). However, the same tropical-related rain can be
beneficial to regions experiencing drought. Knowing the spatial and temporal distribution
of rain over the Eastern U.S. and its correlations with major climate factors such as AMO
and ENSO will help in agricultural planning and mitigation strategies in the most affected
regions. This study shows that AMO has a strong correlation with the total TC rainfall.
Future scenarios suggests a few more decades in the positive AMO phase, hence more
hurricane seasons with above average number of storms (Goldenberg, 2001), assuming
the AMO remain in a warm phase. However, interactions with ENSO and other factors
such as Quasi-Biennial Oscillation and vertical wind shear also contribute as a predictor
of hurricane activity (Molinari, 2002).
FUTURE WORK
TC rainfall regularly represent a substantial part of the annual rainfall in the
Southern United States coastal zones, but shows a high level of interannual and
interdecadal variability. Nevertheless, TCs contribute significantly to river systems,
replenishes reservoirs, and boosts groundwater supplies (Middelmann, 2007).
Understanding TC behavior is critical to minimizing loss through urban planning and
mitigation such as engineering levees, dams, buildings, water resources, and agriculture.
Future work should attempt to analyze regional contributions of TC rainfall, to
assess regional vulnerability. There are also socioeconomic implications on regional
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scales because of varying levels of exposure along to the U.S. coastline. Another relevant
research focus could be the correlation of the TC central pressure and the amount of daily
rainfall. Finally case studies comparing “dry” TC seasons with “wet” seasons and
possible correlations with teleconnections (El Niño, La Niña, and AMO), and upper
atmospheric level conditions (500 mb surface, ridges and troughs, and water vapor
satellite images) could lend further insight into TC rainfall in the Eastern United States.
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